Abstract-We present a tool flow and results for a modelbased hardware design for FPGAs from Simulink descriptions which nicely integrates into existing environments. While current commercial tools do not exploit some high-level optimizations, we investigate the promising approach of using reusable subcircuits for folding transformations to control embedded multiplier usage and to optimize logic block usage. We show that resource improvements of up to 70% compared to the original model are possible, but it is also shown that subcircuit selection is a critical task. While our tool flow provides good results already, the investigation and optimization of subcircuit selection is clearly identified as an additional keypoint to extend high-level control on low-level FPGA mapping properties.
I. INTRODUCTION
The use of domain-specific modeling tools like Matlab/Simulink is a common way to describe (and test) data flow dominated applications, commonly denoted as model-based design. It has proven successful in automatic code generation which is the de-facto standard, e. g., in the automotive domain for many years. Up to 80% of the processor code in todays embedded control units is generated from Matlab/Simulink [1] . The increasing demand for processing high sample frequencies recently lead to performance requirements that exceed the capabilities of embedded CPUs. FPGAs provide a solution for this problem as they yield the required computational power. However, typical sample frequencies are still much lower than the FPGAs' system clock frequency. This opens the opportunity to reduce FPGA resources by computing parts of the design using time-multiplexing while sharing the computation modules.
A well known method to automatically transform a parallel data flow graph (DFG) into a sequential circuit is folding [2] . During the folding transformation, common operators like, e. g., multipliers are implemented only once and shared by using multiplexers and additional registers. These resources and the required controller introduce an overhead which has to be lower than the resources saved due to sharing to gain any benefit [3] . As the number of multiplexers directly scales with the number of inputs of shared operands, an overhead reduction could be obtained when operations are combined to larger subcircuits instead of equipping each single operation with multiplexers and registers. In principle, the same solution could be found with the right operator selection, scheduling and binding, but for this the right parameters have to be known.
The use of common subcircuits instead removes multiplexers and registers per construction. A subcircuit as defined in this work corresponds to a subgraph of the DFG. The more frequently a subcircuit occurs, the more resources can be saved due to sharing. However, the larger a common subcircuit is, the smaller is typically its frequency of occurrence. In addition, several independent common subcircuits may exist in the design which may even partly overlap, leading to a large design space. The task is thus related to a subgraph partitioning problem based on sets of isomorphic subgraphs. The target function on the other hand is based on implementation costs which are not directly related to individual subgraphs or to partition properties like size or number. Besides this, subcircuits can be used to reach a resource optimal point in the design space which meets the throughput requirements.
The idea behind our investigation is to apply well known high-level transformations to the Simulink description targeting resource reductions at the lowest register transfer/FPGA level. We present a tool flow which automatically utilizes the folding transformation to share arbitrary common subcircuits and show the benefits for this approach by a design space exploration of several benchmark circuits. The main contribution of this work is an extensive analysis of the results which were generated during this exploration. Besides this, we show that the results obtained with our tool flow are always better in terms of slices than the folding transformations of the Matlab HDL coder [4] , which was taken as state-of-the-art reference in this work.
II. BACKGROUND
The identification of common subcircuits, also known as subcircuit recognition [5] , subgraph enumeration [6] - [8] or clone detection [1] , is a well known problem which appears in many different disciplines and is akin to the subgraph isomorphism problem which is known to be NP-hard [6] . Powerful methods have evolved in the last three decades. A good introduction into the topic can be found in [5] . However, the beneficial use of common subcircuits in synthesis is still not well understood. Common subcircuits have been used in high-level synthesis (HLS) tools targeting behavioral input languages like C [7] - [10] . A tool flow that enumerates subgraphs and re-uses them in the xPilot HLS tool was presented by Cong and Jiang [7] . They report FPGA resource reductions by about 20% on average. The sharing of single operations as well as common subcircuits (called composite operators or patterns) within the high-level synthesis (HLS) tool LegUp is analyzed in [10] . The sharing is limited to two operations with non-overlapping life times, i. e., one physical unit is used to compute two operations in the algorithm when no additional registers are required to store intermediate results. A greater benefit is reported when common subcircuits are used instead of single operations. They also analyzed the impact of the FPGA architecture and obtained area reductions from 7 to 12% by using subcircuit sharing.
Common subcircuits also have been used in folding to reduce the computation time of the folding transformation [11] . There, the overall system as well as a common subcircuit are folded separately which is called hierarchical folding. The result is identical to the folding of the complete circuit for single operations, but reduces the complexity for M identical blocks from O(M 3 ) to O(M ) (assuming the subcircuits are known in advance) [11] . A hierarchical synthesis methodology is also described in [9] . There, resource sharing is performed independently at each hierarchy level including controllers. To the best of our knowledge, common subcircuits were not used so far for resource reduction within the folding transformation.
III. FOLDING TRANSFORMATION
The folding transformation [2] is a systematic way to realize the time-multiplexed reuse of identical operations like e.g. additions and multiplications. In the implementation considered in this work, this can additionally be combinations of single operations to larger subcircuits which can be found more than once in the circuit. A common subcircuit or operation that is shared using folding is denoted folding core in the following. A circuit may consist of several common subcircuits which may be mutually exclusive, i. e., a subset of subcircuits may be selected as folding cores. Suitable common subcircuits used in the design space exploration are selected by the user in this work. This step could be automated by one of the subcircuit recognition methods discussed in [1] , [5] , [7] , [8] .
The folding procedure is illustrated by an example Simulink model of a discrete PI-controller as shown in Fig. 1(a) . The possible folding cores could be a single product or a single addition, denoted as {Prod} and {Add} or the common subcircuit {Prod,Add} as highlighted in Fig. 1(a) . In the next step, a scheduling is required to determine the time step in which each subcircuit will be executed. This is important to provide the right input data at the right time in the time-multiplexed circuit. In the given example this could be {Prod 2,Add 1} in the first time step and {Prod 1,Add 2} in the second time step for the folding with common subcircuits. The minimal number of required time steps which leads to a valid solution is called the folding factor N . In the best case it is equal to the number of identical subcircuits.
The scheduled processing times can be verified by the help of the folding equation, which determines the delay D in number of clock cycles between two nodes U and V in the 
where w e is the delay in number of clock cycles of the edge e from nodes U to V in the original DFG, P u is the latency of U and u and v are the scheduled execution times of U und V , respectively. Now, all the common subcircuits can be replaced by their corresponding folding cores which are equipped with multiplexers at their inputs. Each multiplexer input may require a number of additional registers (D) as given by the folding equation. Note that this may lead to a more complex wiring, but in our experiments this was not a limiting factor. The resulting folded PI controller circuit using the folding core {Prod,Add} is shown in Fig. 1(b) .
To obtain a benefit from folding, the resulting circuit size S f of the N times folded circuit has to be smaller than the size S o of the original circuit. Both circuits can be separated into the resources of the folding cores (S folding core ), non-folded parts (S remain ) and the overhead due to folding (S overhead ), leading to the condition:
Clearly, the overhead has to be smaller than the size of the saved folding cores. Thus, selecting a large folding factor and a large folding core should be worthwhile. But the capability to maximize both is limited by the structure of the original circuit, so a tradeoff has to be found. In this section, the transformation flow of the implemented automatic folding transformation tool is presented. We perform structural transformations at the Simulink level to get the folded result. An overview is given in Fig. 2 . The input of the transformation flow is the Simulink model of the design which is to be optimized. In the first step the model is transformed into an object oriented Matlab data structure by a tool called ManTrAS (Matlab analysis and Transformation API for Simulink) [12] . It provides an easy way to work with the data representing a Simulink model in order to analyze the model and to do the required transformations. Moreover a ManTrAS graph can be transformed back into a Simulink model. After the back-transformation everything which could be done with the original Simulink model can be applied to the folded one. This includes the simulation using the original test bench, HDL code generation using Mathworks' HDL Coder and validation of the folded model which is an essential advantage of this approach. The next step is the mapping of the folding cores to the corresponding blocks in the ManTrAS graph. This is done by putting all blocks which belong to one folding core into a Simulink subsystem which can be identified by having a specific type of folding core. In contrast to other approaches we do not only consider one type of folding core but also a set of different non-overlapping folding cores for the folding transformation.
Since the former parallel design will be processed in a sequential time-multiplexed way after the transformation, the folding cores have to be assigned to time steps. This is currently done by a general list scheduling with support of resource constraints and multi-cycle operations [13] . The resource constraints are used to limit the available folding cores to one per clock cycle to force the schedule to be valid for the time-multiplexing. The latency P u of an operation is treated as a multi-cycle (blocking) operation in the scheduling. This guarantees that v − u is always greater or equal than P u and, thus, the folding equation result is always positive or zero. The corresponding delays are inserted at the corresponding multiplexer input. A single control unit (a mod-N counter) is inserted which controls the multiplexers to select the right input at the scheduled time step.
In addition to the original folding transformation, we support folding cores with internal states. For that, pipeline interleaving is applied to each folding core by simply replacing each register in the folding core by N registers [2] , [11] .
V. EXPERIMENTAL SETUP
This section comprises an experimental design space exploration and evaluation of a benchmark set with different folding cores selected for the folding transformation. The results were automatically generated using the presented transformation flow. The evaluation is done with four commonly used applications in the domains control engineering and digital signal processing. The following applications have been chosen, implemented as functional Simulink models with a 32 bit fixed point precision and can be accessed online [14] :
A) 16 tap finite-impulse response (FIR) filter B) Park-Clarke transformation (PCT) C) Triple PID controller (TPID) D) Infinite-impulse response (IIR) filter from [2] While the FIR and IIR filters are well known, the ParkClarke transformation is a combination of the alpha-beta transformation [15] and the direct-quadrature-zero transformation [16] . It is an important transformation in automotive controls and is used for the observing part of multiple-phase brushless DC motors. It consists of several sine look-up tables, additions/subtractions and multiplications.
The Triple PID controller is a design which implements three standard discrete PID controllers in parallel using the rectangular method for intergrals and differentials.
We distinguish between four implementation cases to compare the different folding strategies: The first case is the original unfolded design as reference. The second case is the single operation folding, which represents the folding strategy to share resource intensive single operations like, e. g., multiplications. The third case is the folding using common subcircuits as folding core, which was the main target of our exploration. The intention is mainly to show the benefits compared to the single operation folding. The HDL Coder resource sharing is taken as the last case, because it is a state-of-the-art commercial solution. The selected cores and their number can be found in TABLE I following the notation introduced in Sec. III. For example, in the FIR benchmark with folding factor N = 5 we reduce 5 cores each consisting of 2 delays, 2 products and 2 adders to 1 core and 2 cores consisting of 1 delay, 1 product and 1 adder to 1 core. This is denoted as 5{2delay,2prod,2add}, 2{delay,prod,add}. In some cases different folding cores are selected while the folding factor is the same, which results in different realizations for the same folding factor.
The folding transformation was performed for each selection using the presented flow, resulting in a folded Simulink model. This model was verified within the Simulink environment by a direct comparison to the input/output-behavior of the original unfolded model. After this step VHDL-Code was generated using HDL Coder (v2.2) and functionally verified with ISim. Finally the VHDL code was synthesized for a Virtex 4 FPGA (xc4vlx200-10-ff1513) to get the required slice and DSP block count as well as timing information. The settings for DSP usage where set to Auto. The HDL Coder was used with different resource sharing factors which can be provided by the user to get a resource-latency tradeoff. Special care has to be taken when constant values are included in the design. In such cases the constants may have an impact on the resulting design size, because different optimizations can be performed by the tools during the synthesis process. As we want to consider the general case we prevented the constants from being trimmed by replacing them by external inputs before synthesis. This means that the results in TABLE II and Fig. 3 and 4 represent an upper bound for the design sizes as for specific constants (like power-of-two values), less resources are possible.
VI. RESULTS
A summary of the results can be found in TABLE II. The required resources of the unfolded (original) design are compared to the resources of the solution generated with the proposed folding flow using common subcircuits or single operation folding, which lead to the largest slice and DSP block reduction (best fold.) for the specific benchmark. The corresponding data points of these and the worse solutions can be found in Fig. 3 . Moreover, the best result using common subcircuits (comm. sub.) is compared to the result of the corresponding single operation folding (single op.), as the investigation of their relation is the motivation of our work. A general observation is that a large amount of slice resources and DSP blocks can be saved compared to the original model and that the savings of common subcircuit folding typically surpass the savings of single operation folding.
In the following subsections specific observations for the different benchmarks and figures of the explored design space are provided (all numbers refer to TABLE II).
A. 16 Tap FIR Filter
The results for the different FIR solutions can be found in Fig. 3 (a) . For this very regular design the best solution can be achieved by a folding factor of 14 for the number of required slices and by a folding factor of 16 for the number of required DSP blocks. In order to achieve a slice reduction, the use of the largest common subcircuit (14{prod,add,delay}) is beneficial. The fact that the largest folding factor is leading to the smallest number of required DSP block is a general observation which holds for all analyzed benchmark circuits (A-D). For the FIR benchmark, there are many cases, especially with single operation folding, in which folding is leading to a much higher resource consumption compared to the unfolded design. This is the result of a large overhead compared to the saving which can be achieved by resource sharing for this rather small design. The best folded solution saves 26% of the required slices and 91% of the required DSP blocks compared to the original design. In the case of the FIR filter, common subcircuit folding is the only way to save slice resources.The corresponding single operation folding is not beneficial as the slice overhead is about 1000 slices, which exceeds the slice count of the original model.
B. Park-Clarke Transformation
In the Park-Clarke Transformation example, the best solution can always be found with the largest folding factor. The analyzed cases have an almost identical slice consumption for identical folding factors as it can be seen in Fig. 3 (b) . The HDL Coder was not able to perform any resource sharing independent of the given sharing factor. By application of our transformation flow on this rather large example we could achieve savings of about 70% for slice and DSP usage. The best solution for the single operation (6{sin},6{prod},2{prod},6{sub},4{sub}) and common subcircuit (6{sub,sin,prod},2{prod},4{sub}) folding have nearly the same slice consumption. This results from nearly identical folded solutions. In one case we define the common subcircuit (6{sub,sin,prod}) and in the other case each component of this common subcircuit is selected as a single operation (6{sin},6{prod},6{sub}). Based on a good scheduling for the single operation case, the architecture of the common subcircuit is reconstructed automatically during the transformation flow. The multiplexers in the single operation case thus have the same input at each port and can be replaced by a wire during synthesis.
C. Triple PID Controller
The results for the Triple PID controller can be seen in Fig. 3 (c) . The best case in terms of slice usage is not the case with the largest or nearly largest folding factor for this example. This can be explained by the fact that very large folding cores can be found in the best cases with only one input, leading to only one input multiplexer. The low overhead on the one side is further enhanced by the large resource saving on the other side, because of the large folding cores. In this case the folding core size was the defining element in the tradeoff between folding factor and folding core size (cf. (4)). The comparison of single operation (9{prod}) and the corresponding common subcircuit (9{prod,add}) folding in TABLE II shows again that it is beneficial to search for larger common subcircuits rather than folding around single operations.
D. IIR Filter
The last example consists of only four multiplications and four additions and supplies only few folding alternatives. The results are plotted in Fig. 3 (d) . The unfolded design is always the best solution in terms of slices, but choosing the multiplication and addition as folding core can significantly reduce the required DSP blocks. The HDL Coder resource sharing result is only able to save one out of four multipliers which leads to a larger slice overhead for time-multiplexing and no savings in DSP block consumption. 
E. Resource Performance Tradeoff
With a set of different folding cores, leading to different folding factors and different latencies for data sample processing, our tool can deliver a tradeoff between resource consumption and latency of the processing of one data sample. The evaluated data points of the FIR filter example were used in Fig. 4 to show the number of required slices over the computation time N · T min , where T min denotes the minimal clock period obtained from the timing analysis. A designer with specific latency or area limitations could pick the best possible solution very easily. For a sample period requirement the best solution in terms of slice usage can be found as the point at the very bottom which is left of the latency limit and for a slice limitation the best solution in terms of latency is the leftmost point which is lower than the slice limit.
F. Summary
The experimental results show that it is beneficial in terms of slice reduction to use common subcircuits instead of single operations as folding cores. Besides the slice reduction the selection of common subcircuits always leads to the best results if low latency is required. The largest DSP block reduction can be achieved by selecting the maximum folding factor in all cases, which can lead to a large slice overhead on the other hand. The relation of overhead and reduction by folding factor and/or folding core size (4) could be seen in some cases, but further investigations have to be done. The subcircuit selection itself is a critical task and it has a significant impact on the resulting design. However, the design space exploration which is possible with the presented transformation flow can help to find the best solution in order to fulfill the application constraints. The design space exploration considered the folding factor as well as the folding core size. A change in the degree of sharing, i.e., varying the amount of available folding cores was not analyzed, but should be considered in future work, as it delivers an additional optimization possibility.
VII. CONCLUSION
We presented an automated high-level transformation for Simulink models targeting optimized FPGA implementations. The resulting models can be used by standard tools to generate VHDL code. We showed results only for four models but it becomes evident that very large improvements can appear, up to 70% in our examples. Using the tool flow, a design space exploration concerning the folding factor and the folding core inputs could be established and first results were analyzed in this paper. The results clearly show the benefits of our approach but also, that the selection of folding cores is a key factor for the improvement of FPGA resource requirements for any specific model: while the usage of embedded multipliers can be directly controlled, logic block requirements depend largely on the selected subcircuits.
Currently, different core combinations are selected by the user, but the results indicate that there is a non-trivial dependency between the model structure, the folding factor and the subcircuits and their possible combinations. An algorithm for subcircuit selection and combination is obviously necessary to fully automize the process of defining reasonable folding cores as input to our tool flow. The development of such an heuristic and the definition of according selection criteria are therefore the main targets of our future work.
